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2This is Part | of a series which is in the course of preparation for publication.
Part 11, “iron Micrometeorites'’; Part 111, 'large {ron Meteorites" (passage through
the deep atmosphere, heat transfer, ablation and survival); Part IV, ‘Slow Meteorites
at Grazing Entry"’ (te“ﬁite problem) are to follow.



Abstract. The process of energy dissipation through radiation and svapora-
tion, deceleration by drag,:and ablatlon:Ehrough‘evaporatioﬁ of spherical stony
micrometeorites has been studied nume;lcally. Jnterpb\ationnprocedures are:
developed, yielding survival radii and maximum temperatures for entry velocities
ranging from 7.8 to 46 km/sec, and for initial radii less than 0.07 cm. The
radii are tabulated for vertical incidence; for obliéue incidence, they must be
multiplied by the secant of the angle of incidence. The lower limit of initial
radii of interplanetary particles which can be expected to enter the terrestrial
atmosphere is about 2 x 10”% cm as conditioned by solar radiition pressure.
Micrometeorites of lunar origin can be very much smaller, down to near-molecular
dimensions as conditioned by the iuminosity-to-ﬁiss ratio of the earth, 1650
times smaller than the solar value. Hicrameteorites‘ofvo.h-2.micron radius can
escape excessive heating during atmospheric entry~at oblique-incidencg (z = 759

to near grazing) and could act as carriers of living germs from other planets.

1. Jntroduction. Micrometeorites of the zodiacal cloud presently consti~
tute the major source of terrestrial accretion of cosmic material by some two
or;crs of magnitude exceeding the mass 3rlslng from all other sources combined
_(ﬂhlk,il§56). The large area to mass ratio of these small cosmic bodies favors
. ihé dissipation of their kinetic energy through radiation when they enter the
atmosphere. As a bonsequenca, they may survive the entry with little loss of
mass, thqs providing samples of cosmic dust which can be collected from the air,

the sea bottom and even from geological deposits of sediments. This cosmic duss’



possibly the result of fragmentation of cometary 'dustballs’, may be the most
ancient sample of condensable matter, dating backito the orfgins of the solar
system and preceding the'large meteorites which apparently are the product of a
later stage of pressure éompaction and differentiation of the dust material during
temporary sojourn inside bodies of lunar or sub~lunar dimeﬁsions.

The main ingredient of the large meteorites is meteoritic stone. [ts chemical
composition {if not its minéralogical st%ucture) may characéerize the prevalent
ingred?ents of any zgarecate of ﬁog-vo!atiielcosmic matter, inzluding The zodiacal
cloud. Despite radiation damege and *he possible absence of & pressurized pre-

- s

tory, it appears likely that mos* grains of zodiacai dust are zimmitar to

il

h

LB

fragments of meteoritic stone. The behavior of such grains during passage through

the terrestrial zitmosphere is the subject of the following numerical study.

The heat L. released per unit of time end area of a

meteoroid is L@ ¢ 3. where p = z*mospheric densityv, v = veloc ty. The loga-

o

ritemic deceleration, g, = dvf{éar}c 's proportional to ¢/(r§ ), where r = radius,
£ = density of the meteoroid, and {4/3)r§ is the mass loéd or the mass-overs
crosé-section ratio. Hence the main loss of momentum, at g; = const., ‘and the
main transformation of kinetic energy into heat takes place at p ~ rga\a L.

The atmospheric density and energy dissipation at a characteristic point of the
trajectory are proportional to r, the radius of the body. in other words; the
larger the meteorqid, the deeper it penetrates into the atmosphere and the more
intensely is heat released. The maxim;m heat release is thqs proportional to
rs), or to r. The surface temperature depends on L or T~ f(rS‘) as defined by

radiation and evaporation losses, and for each radius and velocity there is a

maximum surface temperature increasing with increasing radius. [f this maximum
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temperature is below that of efficient evaporation, the meteoroid survives with-
out much of mass loss but. may be molten and will come down as a spherule. If
the m;ximum is below melting, the metecroid will retain its--presumablylirregular--
shape. |

Very small meteoroids will thus dissipate their energy at higher altitudes
chiefly through radiation. Disregarding evaporation and the heat capacity of
the meteoroid (which is of the order o% 1072 to 1072 of the kiretic energy), as
we'll as terrestrial or solar radiatimnf a first approximation theory (ﬁgigj 1936)
fo- non-ablating particles which are reaching a maximum temperature Im (°k)

dir’nc atmospheric flight yields a mass load of
r§ = 0.00277 h, sec z T 4/ (1)

(g/cn®) where Hp(cm) is the scale height for pressure variation, z the zenith
angie of incidence (for a 'flat' earth), and v is the pre-atmospheric velocity
(aﬁ[sec). As a rough approximation., the formula can be used down to z < 85°
beyord which the curvature of the e:zrth btecomes important.

On similar lines, Whipple (1950,1951) considered the behavior of small non-
ablating meteoroids. His values of the non-ablating radii at Tm = 1600%K are
very close to those of equation lipsa;;gz;heric models (V-2 by WhiooleaARocket

i
Panel by Opik) are used, as can be seen from Table 1.
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Table 1. Radii, r, in microns, of non-ablating micrometeorites, SJ =3 g/cma,

which attain a maximum temperature Tm = 1600%K at atmospheric density p.

v, km/sec 11.3 15.0  20.0 25.0 40.0  50.0 70.0
o, 10720 g/cn® 56 oh 10 5.2 1.3 0.65 0.2k
r (Hf‘nippl‘e, v-2) 24.3 1i.8 5.6 3.2 0.96 0.54 0.23
H, km (Rocket Panel) ‘6.5 6.7 7.1 7.6 9.0 9.8 11.5
r (equation 1) 26.1 11.5 5.1 2.8  0.81 .45 0.19

The agreement between the two sets of radii is better than could occur in
narure, because of the various simplifications of the theory which is stretched
beyond its limit of validity: at ﬁ600°K considerable gplation by evaporation is
expected to take fiace.

in the following, a more precise theory of decelerating ablating meteoroids is
applied in numerical‘integrations by taking into account heat and materiai losses
through evaporation, as well as the small but not negligible heat intake of the

meteoroid itself.

3. Theory of ablating decelerating micrometeorite. The maximum radius of

stony particles for which calculations are here made is 640 microns. According
Bl
to the general environmental theory (Opik, 1958; cf. pp. T6 and 110), for slowly
rotating (10 cm/sec or more), and practically also for non-rotating meteoroids
environmental '‘case 2'' applies; that is the case of an ''isothermal stony meteoroid
in normal environment, meliting into one drop and then evaporating'. Until r = 520 u
: falens L oull

the drop remains spherical, between 520-720 p the aerodynamic pressure,into a

spheroid, and only at r» 720 p the drop breaks up and spraying begins. These




limitations apply to practically the entire range of meteor entry velocities from
12 to 75 km/sec.

The heat intake of the small meteoroid is thus simply allowed for by assuming
a temperature throughout equal to the instantaneous equilibrium temperature of
its sur%ace, without complications from imperfect conductivity.

The average melting point of meteoritic stone is around 1800°K with 1400~
2000%K for the different minerals. Before melting, the shape of ﬁhe meteoroid,
or more precise:y, the ratio of mass to surface influences the process. After
melting, the meteorcid assumes & spher’ca’ shape. Tre integraticns have been
made for spherical shabe thrcughout7of a mass load h-t'g/3 per unit cross section.
Some uncertainty in the unknown shape factor before melting remairs, but its
significance ‘s less than of many other phvsical factors which had to be postu-
lated without a knowledge of the true nature of real micrometeorites such as are
the particles of zodiacal dust.

The details of the physical process and the physical constants are taken
gccording to Hpik (1958). For vertical incidence with A = altitude and
x = Ao - A as the depth of penetration (inverted altitude) and considering
that the acceleration dv/dt =<dv/dx) (dx/dt)= v dv/dx, the drag deceleration per

unit path becomes

dv/dx = - B p v&? rS) (2)

L
3

the shape parameter which characterizes the ratio of sur-

where r is the spherical equivalent radius defining volume, V = i?rs, in former

rnotations, with B =

<[
o

face 5 to volume V. With 5J= 3.4 g/cms as for typical stone, and B = 3 as for

a sprere,




dv/dx = = 0.2203 p v/r (3)

in cgs units.,

The ablation rate per unit length of path is

dr/dx = - B £/ v6) (&)
where‘g'is the rate of surface mass loss by evaporation in g/cm‘2 sec. With
3= 3, 5= 5.%7 Phis becomes

dr/dx = - 0.2938 ; v (5)

The rate at which the temperature varies is determined by the difference

3

between the heat 'ntake from the impinging air molecules (% Te v’ per caf cross
section and second where T'= accommoda:’on coefficient), and the radiation and

e{aporatién loss:
(crg/B} dT/dx = To 2/8 - gsT"/v - hé/v N (6)

where c = specific heat, s = Stefan's constant of black-body radiation, £ = the

grey emissivity, h = heat of vaporization. In random orientation, the average

ratio of qGbs sectiop to surface iS'ﬁ as for a sphere, and the equatiPn remains

valid as an averagé condition for randomly oriented bodies of arbitrary shape.
With T =0.8, B=3, £ =0.8, s = 5.67 x 10°° erg/cn® sec deg * , h =

£.05 x 10%° erg/g, and a ''smoothed=out'' average specific heat of ¢ = 1.07 x 107

erg/g deg which includes the relatively insignificant heat of fusion, the tempéra-

ture increment per unit path becomes

dT/dx = 8.241 % 10° p #/r - k989 x 10° (a +£)(D) (7




where

q= gs#/h = 7.551 x 10738 1¢ (8)

Here radiation is assumed proportional to T‘, disregarding background radiation
of the earth. Whipple (1950,1951) used T* - To‘ where To = 300°K for the back-
ground radiation. Actually, however, the radiation emerging fr&m the earth cor-

responds to effective temperature about 260°K; the meteoroid intercepts this one-

sided radiation but radiates it in all directions. Hence its equilibrium radiative

temperature is (Te/260)4 = % or Te = 218%. The corresponding compensation of

radiation is much smaller than the uncertainty in the emissivity,£ , and it has
zeen decided to neglect it altogether. In daytime the contribution from direct
solar radiatipn is more important, but still negligible as compared to the actual

rates of radiation of the meteoroid.

The three differential equations, 3, 5, and 7, with certain initial conditions

depending on the atmospheric model)completely describe the problem. The three
.ariables v, r, and T can be expressed as depending on x, the vertical path
Eéngth, bi’way of numeérical integratioﬁs. The strong dependence of radiation
and evaporation on temperature necessitates the use of small intervals ésteps)
&x, and iterations are even fhen unavoidable.

The vapor pressure of typical stone was conventionally assumed as
log p,, = 10.600 - 13500/T (9)

(dyne/cn), which corresponds to

log £ = 7.089 - -é log T - 13500/T (10)

(bpik, 1958) ,



Mingnen & Ripley,
For atmospheric density the ARDC model gﬁ§56)was assumed. From satellite

observations, the model is considerably in error above 200 gm, but for meteor

theory{ Minzner and Ripley) this is irrelevant because even micrometeorite phe-

romena are essentially displayed below 200 ¥n. In work of this kind, sf}etching
over a considerable interval of time, recent improvements of atmospheric models
carnot be introduced without destroying the homogeneity and comparability of the
results. One has to use one reasonable atmospheric model, even when it admittedly
.eads TO some triviai systematic differencés with modern improved modeis. The
nroperties of the upper atmosphere are anyway variable, and the calculations can
only refer to.an assumed average state.

The calculations were made for vertical incidence with the length of path

defired as
x=A_ =-A , ()

smeTe A is the altitude and Ao a sufficiently high starting level for which the
‘nitzial constants of integration, r = Tar V= Vg, T = TO were close to or :identical
with their pre-atmospheric values and could be estimated with high accurécy from
the differential equations themselves.

The calculations Qere made for vertical incidence, z = O°, sec z = {. For

an oblique path x sec z, the values of r when multiplied by sec z leave equations

2=7 unchanged. Thus, exact homology
revsec z (12)

hol'ds. For oblique incidence, the values of r as calculated for vertical inci-

dence are to be multiplied by sec z, leaving the other variables x, p = p(x), v,

and T unchanged.




The same homology is fulfilled in equation 1. However, its other homo-

logies,

4 .
rmT Vs y

which follow from the neglect of ablation, are not valid in the ablating case,
and in an atmosphere of variable scale height. The purpose of tée present cal-
culations is, indeed, to find the deviations from the simple homologies of equa-
tion 1.

Tables 2 and 3 briefly describe the auxiiiary variables ¢, q, and\? used
in the Sﬁtegrations. Besides the ARDC, an older {Rocket Panel, 1552} and a
more recent (NASA et al, 1962) atmospheric modéé are cited for comparison.
Copventionally smoothed function tables to fou;u ecimals in the logarithm were
aétually used. It may be noted that above 180c°K, q <‘§ , Or the main dissi=
pation of kinetic energy is by wéy_of evaporation, throﬁgh ioss of mass. Below
1800%K the dissipation is chiefly through radiation, with a tendency toward

preservation of mass.




Table 2.

- log p

- jO0—

- log p

- log p

Atmospheric models (p, density g/cm®; xnw scale height for pressure, km; A, altitude, km)

150

11.468
dUGr

11.750
16.2

1737
29.5

140

1,119

13.7

11.367
13,2

11.469
23,3

10.720

1.9

10.886

10.3

17.1

120 110 100 90 80

A:<m..v A _Wu.wv

10.249 9.684 9.065 8.389 7.676
T3 6.5 6.2

; 1956)

do“umw 9.799 9. 147 8.398 7.664
8.9 7.9 7.0 6.1 5.9

.S, S (NASA et al., 1962)

10.613  10.007 9.303 8.499 7.699
1.0 7.9 6.4 5.4 5.4

T.012

6.5

6.998
6.5

7.058
6.6

60

6.457
7.6

6.457
7.6

6.514
7.6

50

5.936
8.1

5.965
8.1

5.988
8.0




QR e

- 11 -

Table 3. Adopted auxiliary functionsfor stone,.g (evaporation rate) P

q+§ (g/cnf° sec), and 1 + 6 = 1+ q/‘s
T, deg K koo 500 600 700 80¢C 900
log§ - - - - - =
log (q +5) =4, Tih -h.;aé -k,010 -3.7h2 -3.510 =3.305
log (1 + 8) - ' - - - -
T, deg K 1100 1200 1300 1400 1500 1600
1095 -6.704  -5.701 -4.852 =4, 127 -3,499 =2,951
log (q +5 ) -2.956 -2.805 -2.663 -2.526 -2.383 -2.217
log (1 + 6) 3,748 2.896 2.189 1.600 1.116 0.734
T, deg K 1800 1900 2000 2100 2200 2300
logf -2.059 -1.656  ~1.312  -1.001  =0.719  -C.h€2
log (q +£)  -1.768 -1.k96  -1.215  -0.941  -0.680  -0.436
log (1 +8)  0.2711 0.1599  0.0961 0.0595  0.0386  ©.0237
T, deg K 2500 2600 2700 2800 2900 3000
Iogf -0.010  +0.189 0.373 C. 54k 0.703 0.850
tog {q *§)  +0.003  0.139 0.381 0.55 C. 707 C.83
log (1 +8)  0.0130 0.0097  0.0073  ©0.0057  0.004€  C.0037
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4, Models of deceleration and ablation. Table 4 contains characteristic
points of the calculated models of motion and ablation, obtained from numerical
inteération of the system of equations 3, 5, and 7. The figures are given with
more decimals than could be physic;lly significant} they correspond to the in-
ternal accuracy of the mathematical model. This may be needed in differential
comparison. It is also not possible to perform satisfactorily the numerical
integration without high digital accuracy, on account of the instatility and
sensitivity of equation 7 involving cumbersome iterations. The calculations
themselves were made in much more detail (many more altitude steps) than con=
veyed by the selected data of Table L.

The maximum temperature, Tm’ and its altitude, Am’ are calculated from the

parabolic interpolation formulae

Am =A - MA 9

a (TyT)/ [(T,-T) + (1,71, , (13)

2

1l
2
Ly -
T =12+1+(T3T])A4n\/.3 5

when Tl’ T2, T, are the temperatures at three equidistant altitudes A + a; A,

3

A - a, and T2> T], TE? T§’ or when T2 is near the maximum.
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Table 4. Motion and ablation of stony micrometeorites in vertical inci-

dence. Aqag 1956 atmospheric model.

A = altitude, km; r = radius, o = initial radius, r_ = final radius,

f
microns (107%* em); v = velocity, v, initial Qélocit’riykm/sec; T = temperature,
dég K} Tm = maximum of T, Am = altitude of the maximum; dv/dx = velocity gra-
dient sec™? or (km/secb/km; dr/dx, ablation rate of radius, microns per km of

path.

Model 1. v = 11.5 r = 6L0; re/ry = 0.3478; T, = 2097.81; A= 7C. 6}

A - 98 90 85 80 75 72 T 70
r 640.000 6L0.000 64O.000 632.318 557.999 4B1.745  L450.467  L18.Lkg
v 11.5000 11.4324 11,3097 11.0290 10.3570 9.5692 9.2064 8.7786
T 400.00  687.92 1190.01 1938.37 2060.15 2093.22 2097.45 2096.93
-dv/dx 0.0039 0.0157 0.6362 0.0832 | 0.2028  0.3338  0.3945  0.4640
-dr/dx 0 0 0.0004 8.057  21.48 29.27 31,32 32.73
A 68 66 6l 62 60 59.€ 59.2 58.8
r 352.533 292.183 248.475 227.150 222.702 222.633 222.608 222,802
v 7.69é1 6.2609 4.5602 2.8806 1.5612 1.3555 1.1689 1.0011
T 2077.16 2021.8%5 1916.57 174417 1451.83 1373.08 1290. ik 1206.10

-dv/dx 0.6292 0.7991 0.8776 0.7720 0.5392 0.490k  O.uk27 C.3968
~dr/dx 32.58 26.95 16.33 5.453  0.3048 0.1057 0.0295 ¢.0066
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Table 4. Continued

Model No. 2. v =
o

~-dv/dx

-dr/dx

~dv/dx

~dr/dx

108

]m‘wo

11.5000

400.00
0.0033

0

17
108. 602

8.1502
1901.82

0.5930
8.085

100

160.000

11.4486
611.40
0.0112

0

>
92.978
6.7585
1866.57
0.7939
7.230

95
160.000

11.3616
945.86

0.0258

0

(5]
81.467
5.039k
1772.88
0.9028

k.25

90
159.936
11.1557
1557.86

o.osih

0.1373

71
76.766
3.2810
1587.63
0.8249

0.8659

85
153.349
10.6765
1808.0L4

80
130.861
9.;323
1893.94
0.347h
5.474

68.5
76.306
1.5467

1135.92
0.5598

0.00069

19
124.029

& 9.1516

1501.99
C.3%982

T.211

68.0
76.306
1.2859

1036.49
0. 486G

11.5; r, = 160; rf/ro = 0.4769; Tm = 1905.04; Am = 78.01

T8
116,536
8.6954
1905.0k4
-

7785



Table k.

=dv/dx

~dr/dx

A
r
v
T
-dv/dx

-dr/dx

13
80.0000
11.5000

400.00

0.0033

19
55.3Thk
:7-0319
1777.25
0.7176
3.083

Continued

o
100
80.0000
11.3736
871.37
0.0223

0

77
50.2730
5.4438
1703.43
0.8586
1.906

95
79.9983
11.2013
1297.69

0.0508

0.0045

75
48,0870
3.7066
1530.85
0.e4i8
0.3776

- 15 -

.5; o = 80; rf/ro

90
79. 1797
10.7979
1653 . 54
0.1200

0.5€2k

7h
47.9058
2.9008
1380. 17
0.7636

v

O
(o]

= 0.5986; Tm = 1801.

83
€7.9739
9.2030
1796.05
©.3886

2.815

T2.4
47.8872
1.80L44
1080.30
0.5984

90; A = 81.62
82 81
65.0185 61.834k
8.7805 8.2836
1801.45  1800.75
0.4593 G.5576
3.104 3.268
71.8 71.0
47.8872  47.8872
1.4661 1.0723
968.60 826. 64
0.5289 0. 4322
0 0



Table 4. Continued
Model No. k. v =11

A 130 110
r 20.0000 20.0000
v 11.5060 11.3588
T koo.00 T32.80
~dv/dx 0.0016 0.0199
~dr/dx 0 0
A 86 85
r 18.9535 18.8345
v 6.8257 6.1788
T 1503.72 1468.87
~dv/dx 0.6229 0.6717
-dr/dx 0.1434  0.0988

100
19.9999
10.9143
1152.26

0.0856

0.0002

83
18.7325
4.7685
1342.98
0.7%06

0.0183

- 16 =

95
19.9815
10.2680
1377.59

C.1864

0.0150

82
18.7241
4.0366
1248.01
0.7314

0.00%9

90
19.6280
8.8602
1526.85
0.3973
0.1500

81
18.7228
3.3149
1138.13
0.7105

0.0004

89
19. 4671
B.4366
1534 .04
0.4516

0.1728

80
18. 7228
2.6255
110.27
6,6696

0

88
19.2893

© 7.9572

1533.92
0.5088

0.183¢C

79
18.7228
1.9914
871.80
0.601i

.5; r,= 20; rf/ro = 0.9361; Tm = 1534.92; Am = 88.52

19.1112
7.4200
1524 41
0.5657
0.1735

78
18.7228
1.4360
36.15
0.513k



Table 4. Continued

Model No. 5. Vo = 11.5; r, = 5; rf/ro = 0.99998; Tm = 1093.6C; Am = 96.24

A 147 110 100 97 96 95 9C 85
r 5.0000 5.0000 5.0000 5.0000 Lk.9999 4.9999  4,9999 4.9999
v . 11.50C0 10.8976 9.2908  8.2281  T.779% 7.2785 k.0534 1.0188
T 400.00 801.48 1052.34  1091.34 1093.38 1087.62 B888.15 k29.09

-dv/dx  0.0012 0.0762 0.2916  0.4237 0.4751  0.5282 0.7136 0.4172

-dr/dx 0 0 C 0.00006 0.00006 0

(&)
(@]

Model No. 6. Vo = 23.0; o = 320; rf/ro = 0.00G450; Tm = 2250.53; Am = 79.96

A 114 100 95 90 85 81 80 79
r 320.000 320.000 319.933 301.225 23%6.838 129.455 92.838 53.939
v 23.00'00 22.9350 22.8477 22.6348 22.0591 20.648% 19.8406 18. 437k -
T 400.00 947.43 1619.30 2028.18 2157.2k 2240.00 2250.52  2242.17
-dv/dx 0.0015 0.0113 0.0259 C.0661 0.1906 0.6401  1.020 1.9%2
)-dvr/dx 0 0 0.1805 7.807 16.43 34.88 - 38,44 29.37
A 78.5 78.0 T71-5 T7.3 T7.1 “76.9 76.7 76.6
r 24,812 17.599 5.751 z,681 3,062 3.024 3.024 %024
v 17.2252 15.1377 10.6200 7.6536  4.8090 2.8558 1.6629 } . 2604
T 2221.40 2169.80 2012.8 1866.92 1630.93 1239.42 873.k2 736,40
-dv/dx 3.043 5.757 13.45 15.67 12.25 7.616 4,583 3,534

>

-dr/dx 37.18 30.70 14.86 6.403  0.980k4 0.0046

o

Y




Table 4. Continued
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Model No. 7. Vo = 23.0; o = 80; rf/ro = 0.02389; Tm = 2037.93; Am = 87.22

~dv/dx

~dr/dx

~dv/dx

~dr/dx

127
Bp.oooo
23.0000

k0o.00
0.0012

0

87.0
22.7156
19.1859
2037.47

1.234
9.854

110
80.0000
22.9320

927.63

0.0100

86.0
12.8685
17.4876
2020.61

2.351
9.576

105

79.9972
22.8487

1369. 51

0.0206

G.0059

85.5
8.3068
16.0266
1993. 17
3.631
8.515

1C0

78.8582
22.6936

1745.08

C.0452

0.699%

85.0
L.5639
13.6540
1932.16
6.125
6.203

95
71.3101
22.3284
1887.43

G. 1136
2.616

84.5
2.3733
9.7536
1786.06
9.158
2.422

90

8k.0
1.9148
5.5082
1428.97
6.961

0.0€19

87.4
26.6184
19.6316

2037.61

1.007

9. €41

82.5
1.9111
2,832
922.6Mk

3.925

83.0
1.9111
1.3866
580.97

2.082

0
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Table 4. Continued

Model No. 8. Vo = 23.05 r_ = Lo; rf/ro = 0.04620; Tm = 1946.08; Am = 90.55

A 134 120 110 105 100 95 91.0 9C.>

r 40.0000 40.0000 39.9997 39.8733 38.0614 30.755k 16.5161 1. 1019
v 2%.0000 22.9575 22.8532 22.7075 22.3946 21.6i50 19.700C i9.2058
T 400.00 T14.05 1246.8%5 1572.65 1749.92 1874.8% 1944.60  1946.06
-dv/dx  0.0010 0.0054 0.0200  0.0kll  0.0923 ol2550 0.8868 1.10%
-dr/dx 0 0 0.0007 0.1043  0.7427 2.428 u;7ho 4.918
A 90.0 89.0 88.2 87.4 86.6 85.8 85.4 85.C
r 11.6231 6.T4Th  3.5227 1.984k  1.8479 1.8479  1.8479 1.8479
v 18.5833 16.6781 13.8769  9.2U91 L4.9708  2.4258 1.6262 1.0603
f" 1943.78 1920.10 1855.37 1667.27 1194.19 745.55 578.93 UL LE
-dv/dx 1.407 2.575 4.659 €.362 k. 107 2.745 1.685 1.175

-dr/dx 4,992 4.596 3.194 C.7636 0.0010 0 C C




Table 4. Continued

Model No. 9.

A 143 120
r 20.0000 20.0000
v 23.0000 22.9146
T 400.00  876.34
-dv/dx  0.0008 0.0108
-dr/dx 0 0
A 93.0 92.0
r 7.4022  5.0k14
v 18.2707 16.6478
T 1853.05 1837.77
-dv/dx 1.277  2.051
-dr/dx

2.371 2.279

~ 20 -

1o 105
19.9947  19.7823
22.6954  22.4061
1358.20  1587.26

0.0397  0.0817

C.0050 0.1263

91.0 90.0
5.0395 2.0330
13.9654  9.9524
1781.18  1619.71

3.416 4.307

1.612 0.4165

Vo = 2505 ry =205 ro/r = 0.096k0; T =

100
18.C234

21.7754

1738.55

0.1896

0.6820

89.0
1.9281

6.0845 .

1252.98
3.292

0.0028

95
11.7738
20.0464
1840.19

0.6177

1.934

88.¢c
1.9279
3.3809
855. 10

o

.169

0

93.8
9.2622
19. 1422
1852.33
0.9273
2.254

87.

n

1.9279
1.9522

1853763 A = 95.27

86.4
1.9279
1.0448
Liz2. 89

C.876C
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Table k. Continued

Model No. 10. v =23.0; r =105 r./r = 0.2167; T = 1756.21; A= 95.5

A 154 120 110 105 100 96.5 96.0 95.5
r 10.0000 10.0000 9.9917 9.7870 8.3499 5.7162  5.2258 4. 7222
v 23.0000 22.8186 22.3843 21.8148 20.5561 18.4743 17.986hk  17.4183
T - 400.00 973.61 1374.34  157T4.90 1708.32 1756.78 1757.85 1756.19
-dv/dx 0.0007 0.6215 10.0785 0.1607 0.3863 0.9061 1.051 i1.227
~dr/dx 0 O 0.0065 0.1116 0.5314  0.9627 0.9993 1.015

A gk.0  93.0 92.0 91.0 90.0 89.0 88.0 87.0
r 3.27T10 2.5598 2.2248  2.1681 2.1666 2.1666 2.1666 2. 1666
v 15,0490 12.7536 10.0191 7.3380 5.0502 3.2448  1.9220 1.0332
T 1725.10 1664.03 1538.72 1316.41 1C047.23 794.32  57h.6k 398.01

-dv/dx 1.992 2.579 2.796 2.517 2.051 1.561 1.094 0.6663

-dr/dx 0.8620 0.5346 0.1538 0.0075 0 ¢] s 0




Table 4.

Model No. 11.
A 167
r 5.0000
v 23.0000
T 400.00
-dv/dx  0.0006
~dr/dx 0
A 94,0
r 2.4544
v 10.5102
T 1477.28
~dv/dx 1.854
-dr/dx  0.0649

Continued

120

5.0000

22,6262
997.31
0.0427

0

3.0
2.4220

8.6518
1354.17
1.849

0.0122

110
k.g9k2
21.7727
1360. 12
0.1526

0.0053

2.0
2.4178

6.843L4
1196. 44

1.770
0.0008

105
4.85%0
20.6752
l53é.7o
0.307k

0.0730

91,0
2.4176

5.1649
1019.07

1.589
0

100
4.0095
18.3025
1638.79
0.7163
0.2815

0.0
2.4176
3.6950
834 .21

1.345

C

99
13,7105
1645.62

0.8712

C.3175

89.0
2.4176

2.4856
657.05
1.072

G

16,5497 |
16144 .86 ]

23.0
2.4176

1.5545
L96.66

C.7932

Vo = 23.05 r_ = 5; rf/r° = 0.4835; Tm = 1646.23; Am = 98.60

96
2.7716
3.9613
€07.28

1.538
G.25€9

27,4

2.4176
1.004k
396.59
G.5865

S _pA%a..
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Table k. Continued

Model No. 12. v, = 23.0; r = 0.625; rc/r = 1.0000; T = 103k.14; A = 111.43
A 227 130 120 112 1RR! 110 97.0 96.0C
r 0.62500 = = = = = = 0.62500
v 23.0000 21.9484 20.1014 16.2976 15.5725 14.7798 1.5609 0©.9971
T 400.00 T35.69 931.76 . 1033.75 103k.10 1029.70 329,54 cas

-dv/dx 0.0003 ©0.1005 0.3030 0.6926 0.7591 0.8278 0.6431 0.4872

~dr/dx 0 0 o 0 0 o 0 0

Model No. 13. v = L6.0; r_ = 2.5; re = 0.0250; ro/r = 0.C100; T = 1748.82

o
A= 112.3]
A 200 150 140 130 120 115 112.6 112.2
r 2.5000 2.5000 2.5000 2.4996 2.3068 1.5016 0.6882 0.5268
v 45,9870 L45.8825 L45.7684 L45.4591 Lk 4466 L2.9475 40.9299 L0.2525
T L4oo.o 756.46 954,60 1262.67 1603.05 1715.42 1747.75 1748.65

-dv/dx 0.0004 0.0072 0.0173 0.0520 0.1816 ©.5088 10456_ 1.975

]

-dr/dx 0 0 0 0.0005 0.0768 0.2736 0.3977 0.kC79
A 111.8 111.6 111.4 111.3 111.2 1111 111.0 110.9
r 0.3640 0.2840 0.2072 0.1706 0.1360 0.1039 0.0754 0.0525
v 39.2900 38.6194% 37.72hk2 37.1460 36.4379 35.5315 34.3389 32.69ik
T 1745.39 1741.06 1733.36 1727.48 1719.06 1708.50 169C.44 1659.99

-dv/dx 2.947 3.815 5.250 6.365 7.943 10.28 13.87 19.22
-dr/dx 0.4048 0.3946 0.3738 0.3577 0.3350 0.3079 0.2638 0.1996




Besides the main variables r, v, and T, the rates of variation dv/dx and
dr/dx per unit path length are also given in Table 4. The acceleration (decele-

ration) is obtained from
g = dv/dt = v dv/dx (14)

The loss of mass per unit path is

dn/dx = bF 28, dr/dx (15)
and the evaporation rate per unit time is
dm/dt = v dm/dx (&)

When multiplied by the luminous efficiency of the radiating vapors, equations 15
and 16 yield the 'line brightness'' and the instantaneous brightness of the meteor
at any point of its path respectively (ﬁglg, 1658). The first defires the photc-
graphic, the second the visual light curve of the meteor. However, for the micro-
meteorites, these potions are of little practical sign?ficancg)because of their

faintness which prevents their observation by oprical means.

5. lnterpolation formulae. The simultaneous process of ablation ard de-

which ic tha
(94 B B

ki
j LA IR Y LR VUJV

o o s . 1
celeration of micrometeorites ect of th }

o,
ind ? Y

icai study,
fs too complfcated to be accurately expressed by explicit mathematical formulae.
However, in view of the uncertainty or variability of the basic data, such as
structure, composition, and physical properties of the meteorites themselves as
well as of the terrestrial atmosphere, prec’sion is of little significance here.

What is required is a reasonable degree of approximation, a numericai framework

which describes the phenomenon with an error that is less than the possitie natural
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(Ycosmic'’) error due to the uncertainty iQ’or intrinsic variability of, the basic
éonstants.

By a combination of theoretical reasoning with empirical adjustments to the
calculated models (graphically applied), it turned out to be possible to aeve{op
a procedure by which the survival radigs (rf) and maximum tempefature (Tm) can
be predicted with an accuracy better than 5 perceﬁt, for initial veloc%ties rang-
ing from Vo = 11.5 t§ 46 km/sec, initial radii (ro) less than 720 microns, and
witﬁ some extrapo.ation 6uﬁside this tange being permissibie. Among other things,
the‘prpcedure also aliows empiricaliy for the variation of the stéle height with-;
in a limited rang; of altitude for the addpted atmosph;ric model .

As stated,‘the radii (efér,to;vertical incidence. For obliéue incidence,
the radii are to be multiplied by the seéapt of the angle of incidence, leaving
all other data unchanged. |

As a convenient yardstick for interpclation, the schemat}caz non~-ablating
case as expressed by equation | can pe used. For a fixed value of the scale height
H - 6.1 x iC° cm, as corresponds to the average altitude of the micrometeorites,

p
and for sec z = 1, the equation yields a maximum temperature Tm1 such that

log Tm' = - 0.6736 + 0.25 log ro * 0.75 log Vo O

Because ¢ the radius decreases through ablation, and heat is lost into

vaporization, the true maximum temperature must be less than this

T ' T! (18)

Take for an independent variable, to be used as argument for our empirical

functions, the reciprocal‘
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‘ 4
U= 1097 ! .(19)
log U = 4.6736 - 0.25 log o = 0.75 log Yo (20)
Then the maximum temperature can be approximated by the expression
T = T - 4.5 (vo - 23) ‘21) .

in deg K, where Yo is in km/sec. Table 5 describes the ‘semi-empirical’ function ¢/

as it depends on U.

Table 5. Maximum Temperatire Parameter)‘z

u 1.8 2.0 2.2 2.4 2.6 2.8 3.0
T 2280 2212 2153 2101 2055 2013 1975
] 3.2 3.k 3.6 3.8 k.o L.2 Ly
T 194 1909 1879 1850 1822 179k 1766
U 4.6 4.8 5.0 5.2 5.4 5.6 5.8
7 1739 1713 - 1688 1663 1638 1610 1578
U 6.0 6.5 7.0 7.5 8.0 8.5 > 9.0
AR L 1445 1340 1248 nm 1097 Tm'-79

For a schematical description of simultaneous heating, deceleration, and abla-

tion, the process can be decomposed into two stages. The first would consist in
pure heating without radiation or evaporation losses until efficient evaporation
begins, with the intake of an amount of heat Eo per unit mass. The second stage

-~ I v

would consist in ablation at a constant effective evaporation-radiation temperature



'
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Ta which is adjusted in such a manner as to lead to the proper ablation ratio
ff/ro. The value of ‘6 = q/j (see Table 3) corresponding to T, will be called
93. During the first stage thé velocity decelerates from Yo to v during the
second from vy conventionally to zero.

According to meteor theory (ﬂhig, 1958, p. 68 ff.) and in notations of
Section 3, for the first stage tﬁe equations of heating and deceleration of a

spherical meteoroid are

mdE/dt =

) Jome

Te pv® (22)

mdv/d: = - Kg p V@ (23)

where m = mass, 6 = cross section of the meteoroid, K = drag coefficient. The

ratio of the two equations yields
vdv = = {2 K/T) dE (2k)
or, asfter integra”lon

vlz = v°2 - Q K/T) E (25)

v“*’ = v02 - 1.015 x 101t . (26)

(em/sec)®.
During the second stage, the heat spent per cn® sec of the surface consists of

the heat of evapbration} hj, plus the radiation loss Q = Es T%. Per gram of
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ablated (evapora;ed) mass this yields an apparent heat of evaporation of
h + Q(f = h (1 +6) (see equations 6, 7, 8 and Table 3). The energy spent per

second on ablation is then (see equafion 22)
h. (1 +8) dn/dt = --;' Tep vV (27)

while equation 23 remains valid as before. Dividing equation 27 by equation 23, the

general equation of simultaneous ablation and deceleraticn for the second schemati-

cal stage becomes

dn/m = (T/E Kb (1 + e}) vdv ;za)
or, with 9= 0.8, K= 1,

dm/m = 5.2 d('f)@(l + 98 (38')

By definition of the effective esvaporation parameters Ta and Ga, the final
mass, mc, is obtained by integration of equation (28') setting € = ea = const.

within the limits v = v‘ to v= 0., Thus
I -1
wmf/mo) = - v,2/ [5 h(l + ea)] §29)
or

en(rf/ro) = - v‘2/ [15 h(1 + gﬂ ' FBO)

* With h = 6.05 x 10* erg/g and equation 26 this yields

(1 + 6.) log, (rf/ro) =~ 4,785 x 10738 (v°2 - 1.015 x 101%) ‘(31)
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From the calculated ratios rf/ro for each model (see Table 4) the values of

] + Ga were calculated and the corresponding effective evaporation temperatures

’ Ta derived from an extended version of Table 3. The results are summarized in

_ Table 6, as set against the argument U (equation 19).

Table 6.
Model No.

v_. km/sec

m
-—EOg,(%f/ro)
Tmﬂ deg K
bg (1 +6,)

-

ha, deg K

Mode! No.

Voo km/sec

r, 10°% cm

o

1]

T L]

m

- log (rf/ro)
’ Tm’ deg‘K

log (1 + Ba)

Ta’ deg K

1

11.5
640
2.670
5745
0.4587
2098
0.1048
1983

23

320
1.888
5295
2.0246
2251
0.0896

2005

2

2.670
3Tk5
1.6218
2038
0.1857
1872

>
11.5
8

3.175
3149
1.3354
1946
0.2696
1801

4
1.5
20
6.350
157k
0.0287
1535
1.3057
1458

23

20
3.776
2648
1.0159
1854
0.3884
1731

Characteristic ablation parameters of the models.

C.0CCo

1094

o0

se s

1 19
23 23
5 0.625
5.339 8.977
1873 11k

0.3156 0.0000

1646 1034
0.8958 ...
]55)4- R
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For a fixed value of the argument U, there is a systematic shift in Ta de~
pending on velocity which can be allowed for by a linear shift in the argument
similar to that used for Tm (equation 21 and Table 5). Setting

1=U+a(vo-23) (32)

v_being given in cm/sec, Ta and a can be represented as functionsof X or, which

(o]

is the same,]( and a, as wel! as U by wav of equation 32. can be represented as

S

ve firnciiony oF Tac Tav'e

-

i R - e g e - € .
u . descriler . these furnctions &

3
W)
[N

they follow from a
graphics. ~epresentation of tne parameters of the models .Takie 6). Taus, with
the a'z of (ne :able, for given Taj‘)(and‘g can pe fournd, and for given Vo? U

and, tnhus rys are then determ:ned througn equations 32 and 2C.

. In such a manner interpoléted atlation parameters as given in Table 8 have
been calculated by usino Tables T znd 5, and equations 20, 21, %1 and 32. The
range of the table iz that from maximum ablation to practically complete survival,
covering crarscter’s s mass survival raties of sroumd 0.CY', G.1, 0.5 and 0.9.

For Yo = 27 wm’sec, more cetellad data &re gfven.
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Table 7. Interpolation parameters for stony meteorite ablation (vo from

11.5 to 46 km/sec)

T 2000*
) 1+ 0 1.248
a
X 1.910
a 0.0582
T, 1700
1 + ea 2.850
X 4.0ko
a 0.0508
T 1400
a
1+ aa 39.86
X 6.430
a 0.0104

*Only for v°<39 km/sec

4

1950%
1.329
2.185
0.0582

1650
3.814
4,500
0.0461

1350 -
76.67
6.610

0.0043

1900*

l.hh5v
2.485
0.0582

1600
5.416
k.95

0.0393

1300
154.6
6.870

0.0017

1850
1.615"
2.815

0.0582

1550
8.164
5.375
0.0312

1250
336.0
7.145°
o

1800
1.867
3.180

0.0582

1500
13.06
5.790
0.0242

1200
787.0
T7.432
0

1750
2.251
3.600

0.0548

1450
22.16

6.190
0.0174

< 1200
> 800
9550/ (T_+75)

0
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Table B. Interpolated ablatﬁon parameters for stony micrometeorites.

Vo = 7.8ikm/sec

T; (=) 2000 1750 1500
U (0)  2.795 k.k33 6.158
ros 10 em () 1710 2?0 72.5
re/r, 0.5T3 0.640 0.782° 0.958
me/m 0.188 o.2§2 0.478 0.880
T (c0) 2082 18%0 1583
re;107% cm eeo 1090 211 694
v, = i km/sec
T, (e0) 1900 1700 15%
u (0) 3.010 u4.k58 5.655
ro,lo"' cm (§o) 220 5.7 17.6
rf/ro 4 0.129 0.243 0.488 0.778
mf/mo 0.C0215 €.0143 0.116 0©.L71
T (c0) 2013 1782 16k
.rf,lO“' cm oo 5.5 22.3  13.7

[ Vo = 11.5 km/sec
| (e0) 2000 1800 1600 1400
! (0) 2.580 3.850 5.397 6.550
| (e5) T3 W8 383 7.7
: 0.260 0.340 0.486 0.780 0.967
‘ 0.0176 0.0394 0.115 0.474 0.903
{ (e0) - 2102 1881 1690 1487
,- ve 250 72.0 29.9 17.1
' Vo = 18 km/sec
350 [0) 1750 1600 Q%00 1300
6.649 ' (o) 3.87h 5.142 5.911 6.879
9.28 ,‘[;o) 37.6  12.1 6.95 3.79
0.973 | 0.03}5 0.215 0.528 0.767 0.978
0.922 |3.1x107%0.0100 C.148 0.452 0.935
sk (0) 1862 1692 1583 1387
8.61 ;m 8.09 6.39 5.33 3,57



Table 8.

T
a

-4
r .10 cm
Ow

f¢%

Cont inued

(o0)
(=)
0.00327
3.5x10~8

(ao)

‘oo

1600
6.81
0.349
0.0k426
1695
2.38 |

v, = 25 kn/sec; U= K (Table 7)

v, = 23 km/sec; U=

2000 1950
305 178
0.0104 0.0136
1.1x107®  2.5x10~®
2243 2157
3.7 2,42
1550 1500
N S
od2  0.6k7
0.119 .27
1641 1580
2.40 2.34

1900
107

0.0194

7.2%x10°€
2081

m.om

1450

2,77

[

0.773

0.L61}

1509
2. 14

1850
64.8
0.0293
2.5x10"3
2010

1.90

(Table 7)
1400
g N o..wwmw

1800
39.8
0.0k72
1.0x107¢
1945
1.88

1350
2.13
0.928
0.799
k23
1.98

1750
24,2
0.0815
5.4x107%
1879
1.97

1300
1.83
0.96k4
0.895
1367
1.76

1700
15.3
0.137
0.0026
1816

2.10

1250
1.56
0.983
0.950
1312

1.53

1650
9.92
0.224
0.0113
1752
2.22

1200
1.33
0.993

0.979
1260

ﬁ Oum



Table 8. Continued
T, moov
u (0)
wOMQOs» cm maov
)
q.*\.ﬂo 5.5%x10 “
. -13
sm\so . _.ﬂx_o
0o
T (o0)
wﬁs_o|t cm ‘oo
\
O
N
[}
T, (o0)
u (0)
woy_Osﬁ cm moov
wm\ao 6.5x10"32
-31
am\ao 5.4x10
T (o)
qm-_o:o cm vee

Vo = 30 km/sec

1600
4.669
3.86
0.163
0.00436
1698
0.629

v, = L6 km/sec

1500
5.232
0.677
0.169
0.00483

1555
0.114

Radii of 2-TOO u completely atomized

-

1500 1400

5.620  6.357
1.84 .12

0.b72 0,782
0.105 0.478
1575 Wik2

0.868 0.876
1400~ 1300

6.190  6.83%0
0.346 0.234
o.uum 0.860
0.17h  0.637
(150k)  (1272)
0.193  0.201

_ Vo = 38 km/sec

1450

2.929
0.729
0.k91
0.118
1490

0.358

1350 1250
6.545 T.145
0.k91 0.346
0.813 0.954
0.537 0.869
(1368) (1245)
0.399 0.330

mmabr‘sm_wu.sxyt\neaswsemw‘nu“ ved,

1250 | (o) 1550
745 | (0) 4908
0,705 | (o) 1.55
0.971 | 1.hx10"T 0,145
0.916 _ 2.7x10™2%  0,00302
i281 | (o0) 1632
0,683 | oas 0.225
1200

Y.432

0.166

0.971

0.916

(Ms7)

0.161
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The ultimate or survival radius, re) as given in the last line of the table,
follows the trepd}of fo In the lower velocity groups (vo fs 18 km/sec) but with
a compressed range of sizes; this would lead to an enﬁanced frequency function over
the ablating range of the radii re of surviving fragments, as compared to the
frequency function of the initial radii o in space.

For higher velocities (v°;;.23 km/sec) the trend of re may be inverted, the
size of the surviving fragment increasing with the décreasing size of the parent.

'

The survival radi! at vertical incidence show flat maxima, Te = 2.4 u at Vo = 23

km/sec, rF's 0.89 u at 3C km/sec, r_. = C.i05 p at 38 km/sec, r_ = 0.215 p at b6

f f
km/sec. At these radii, frequency buiges in the size distribution of the frag-
ments must be formed, with a complete absence of larger sizes. However, Vo = 23
km/sec iz a traésitional case, r. increasing again for very large "o though the
effect of this increase on *ne frequency distribution can be but slight, on
account of the smal!l number of the !arge parent meteoroids. A velocity disper-
sion wili, bf course, tend to level 0.t the bulges, however without removing
the general enhancement of the f-equency of survival rad:® above the ablation
limit. Similarly, oblique incidence will introduce additional spread by a
factor of sec z.

For v, = 46 km/sec, the ablation 1imit drops below o= 0.166 sec z (g)‘
. or 1.66 x 107 sec z (cm). Except at very oblique incidence , this is close to
the radiation pressure lihit, 1.5 x 1072 cm, for stony grains in the solar field
(ggik, 1956). Grains of this size cannot stay in the Solarlsystem, and those of
i sqmewhat greater size will not be subject to full solar gravitation and will

possess low heliocentric velocities; if in direct orbits, their velocities of

encounter with the earth will hardly exceed 30 km/sec, and in retrogradeorbits
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the upper limit of Yo for such objects will be 45-5C km/sec. Thus, in so far as
the most interesting, non-ablating component of interplanetary dust is concerned,
Table¢8 essentially covers the éntire vélocity range including the upper limit.

For velocities in excess of 50 km/sec sputtering by molecular impact begins.
At 60 km/sec, sputtering for stone leads to rf/rc = 0.918, at 72 km/sec to
re/r, = 0.T75 (Opik, 1958, p. T2). This is insignificant as compared to abla-
tion by evaporation excébt for very small meteoroids which; however, must be
eliminated from the solar system tv radiation pressure. Sputter’ng as a factor
of meteoroid abiation 39 the terrestrial atmosphere is thus of 1:t*le practical
significance. | |

Interplanetary dust has beern advocated as a means of transport of liying
germs in the universe. 7Thus, Fedorova (196L) shows that dust may'offer suffi-
cient protection agann:t ultravioiet radiation for mlcroorganasms in space.
However, the dust is SubJect tc &n extreme heat sterallzatuon test a* entry into
atp!anetary atmosphere. Stili, verv small and slow dust particles may pass the
test at oblfqde incidence. At the ‘owest entry velocity vo = 11.5 km/sec for
interplanetary particles, and Tm4:400°x as an upper limit for germ survival,

Table 5 and equation 20 lead to

<:I.O? x 1072 sec z (cm) (33)

v

as the upper limit of dust grain radius for the transport of living germsn To

obtain a low entry velocity, the heliocentric velocity in a circular orbit must

not differ much from the orbital velocity of the earth;for this, radiation pressure

2
must not exceed 0.40 of solar gravity, which corresponds to o > 4 x 107° em or

sec z >> L, At an angle of incidence of 750 or greater, relative to the Qertical

7
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these dust grains could then indeed survive the sterilization test. On the other
hand, grains of so small a size may not offer sufficient protection against

ultraviolet and other penetrating radiations. Yet, under very specific condi-

. tions, the possibility of transport of germs cannot be outright denied.
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